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Craft beer production in the United States has been increasing significantly in recent 
years.  As production and participation in the industry increases, so have consumer demands 
for more beer options.  Breweries have met this call with experimentation of ingredients in 
their beer and also the styles they brew.  One such beer, the sour beer, is an example of this 
experimentation and new product development.  Sour beers are a style that differ from most 
other beers by how they are manufactured.  Instead of being fermented with only yeast, both a 
lactic acid-producing bacteria and yeast are used.  With increased competition amongst 
breweries and demand for consistent beer, new methods have been and are being developed 
to aid in quality control.  Recent research has focused on the monitoring of yeast during 
fermentation enabled by fast and accurate assays, but there is a need for this same level of 
monitoring for bacteria in fermentation.  
In consideration of this, a method was developed to monitor lactobacilli concentration 
in a kettle sour environment, which may improve the production efficiency and consistency of 
kettle sour beers. This study developed counting methods using the fluorescent stains Syto BC 
 
and Syto 9 with image-based cytometry using three lactobacilli strains: L. plantarum, L. 
bulgaricus, and L. brevis.  A method for viability determination was also evaluated in this study.  
These Lactobacilli species were grown and concentrations were compared using image 
cytometry with fluorescent stain and cultural enumeration. This procedure was completed in 
vitro at different dilutions and in a kettle sour environment at different time points. Results 
indicated that the method developed using fluorescence-based image cytometry to evaluate 
Lactobacillus spp. concentration is comparable to the standard method of plating in both a 
controlled setting and in a kettle sour fermentation.  
The objective for validation of a viability determination method using fluorescence-
based image cytometry was not met in this study and requires future work.  While the 
Cellometer X2 was able to provide total and dead bacteria counts, the data was inconsistent 
and deviated from plate counts significantly in the lower viability ranges.  Determination of why 
the data did not line up with expected viabilities is an opportunity for further work.   
The use of the method described herein offer brewers a much faster means for 
analyzing lactobacilli concentration in soured wort. This not only will provide an opportunity to 
control the growth in kettle sour beer production, but also allow for the production of a 
standardized product due to the availability of near instantaneous information for quality 
control, greatly reducing potential for batch-to-batch variability. 
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CHAPTER 1 
LITERATURE REVIEW 
1.1. The Brewing Industry  
Breweries and beer have played an important role throughout United States history.  In 
the 19th century, many breweries existed as community pubs which primarily served the local 
clientele.  With the advent of the temperance movement, the number of breweries in the 
United States faced a slow decline up to prohibition.  The year before prohibition (1919) there 
were 669 breweries in operation and once prohibition took effect in 1920, all breweries ceased 
brewing operations.   Some breweries managed to continue business operation during 
prohibition by producing goods other than beer such as “near beer,” malted milk, porcelain 
products and more (6).  In 1933, when prohibition was repealed, 331 breweries were in 
operation and in 2018, 85 years later, there were 7,450 breweries in operation, of which 7,346 
are craft breweries (7).     
Following the repeal of prohibition in 1933, a few major breweries who managed to 
continue diversified operation took advantage of industrialization and were able to standardize 
and streamline processes for efficiency in the production of beer.  This led to a few major 
companies controlling the lion’s share of the available market by the end of the 20th century.  
The government at the time also put in place the three-tier system, one that still stands today, 
which benefits larger companies and indirectly increased consolidation of smaller breweries 
into larger conglomerates due to the ease of setting up distribution contracts.  The three-tier 
alcoholic beverage distribution system requires that all forms of alcohol be produced, 
distributed and retailed to consumers through three separate industries along the supply chain, 
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along with preventing any one industry from partaking in more than one activity (22).  Now, 
there are exceptions to the rule depending on how a specific state governs the law, such as 
with brewpubs or taprooms.  In this case, breweries produce beer onsite and sell it at the same 
site.  Some states have also passed self-distribution laws, an example being L.D. 1761 in Maine, 
which changed the definition of a “small brewery” license to a facility that produces up to 
30,000 barrels of beer and allows holders of said small brewery license to sell or deliver their 
product to licensed retailers and wholesalers (19).  This is not only happening in Maine.  In 
2013, 33 other states had self-distribution laws in place for craft breweries (13).  
Recently, the brewing industry in the United States has been transforming significantly.  
Over the last 10 years, large producers have seen revenue fluctuations and slow growth, but 
the craft brewing industry has seen expansive growth with the numbers of businesses 
increasing by 22.2% annually between 2012 and 2017 and projected to continue growing (22).  
The Brewers Association defines craft breweries as those that have an annual production of 6 
million barrels of beer or less, less than 25% owned or controlled by a beverage alcohol industry 
member that is not itself a craft brewer and has TTB Brewer’s Notice.  In 2018, Craft breweries 
accounted for 13.2% of beer sales volume in the U.S. with import and other domestic breweries 
controlling the remaining shares (7).   
In Maine alone, there are over 133 breweries across the state and a recent study by the 
Maine Brewers’ Guild and Dr. Andrew Crawley of the University of Maine has shown that the 
craft brewing industry in Maine contributed $260.4 million to the Maine economy in 2017 (12).  
Economic contributions not only come from the production of beer but also from employment 
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opportunities brewing has created.  Another factor included is the economic multiplier effect 
created by the in-state economic activity generated by the expenditures of the craft breweries, 
their suppliers, and their employees.  Maine craft breweries employed 1,910 people in 2017, 
with $26,306,319 in labor wages paid out.  Maine also had an output of 319,590 barrels of beer 
in 2017 (12).  Before 2007, there were 14 breweries in the state.  As of 2018 there were 133 
breweries, an 850% increase in 11 years.  While it may seem that growth will continue, and is 
projected to, it should be noted that 45% of respondents in the study said that they were close 
to reaching their capacity for production.   
With the brewing industry in Maine and the United States growing, so has consumer 
preference for increased variety of product lines in breweries.  Figure 1.1 shows the breakdown 
of products and services of the craft brewing industry in 2018.  As seen in the figure, IPAs 
control a significant portion of the offerings by craft breweries, which can also be seen on 
taproom beer menus.  
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Figure 1.1: Products and Services of the Craft Brewing Industry 
Adapted from Lombardo, C.  Craft Beer Production in the US.  IBISWorld.  2018 
 
Available varieties are also compounded with higher brewery establishment density due 
to breweries not only wanting to distinguish themselves from competition but also increase 
cross-collaboration between breweries (4).  With increased competition and collaboration 
between breweries, so does experimentation with the over 160 different accepted styles of 
beer.  Brewers are experimenting with ingredients and are pushing their brewing processes to 
the limit.  For example, Bangor Beer Company located in Bangor, Maine created porter called 
“Triple Layer Palette Slayer” brewed with actual cake.  Another example of a brewery 
experimenting with flavors and ingredients, particularly in sour beers, is Orono Brewing 
IPA
25%
German Witbier
21%
Amber Ale
4%Fruit
3%
Pale Ale
8%
Lager
11%
Seasonal 
14%
Other
14%
CRAFT BREWERY PRODUCTS 2018
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Company (OBC; Orono, ME).  OBC has been brewing kettle sour beer with different fruit 
combinations such as mango and blackberry, peach and raspberry, and strawberry.  Besides the 
flavoring of their kettle sours, they have also experimented with the microorganisms that 
ferment it as they are using Lactobacillus cultures from a local cheese company.  The 
excitement and challenging of the norm in brewing does not stop there though.  As customers 
seek out these unique beers to satisfy their palette, breweries will continue to develop and 
create exciting new beers.  This is especially true of the sour beer as its rise to popularity is just 
beginning.  
1.2. Sour Beer 
Sour beer is gaining interest among craft beer drinkers and brewers alike.  In 2015, just 
45,000 cases of sour beer were sold, then a year later sales increased to 245,000 cases  (7).  A 
remarkable increase which shows that sour beer is on the rise.     
There are a few major established types of sour beers such as Berliner Weisse, Lambic, 
and Gosé.  Each of these have different parameters and processes to create their unique flavor 
profiles.  In Figure 1.2, the basic processes for the three sour beers are shown.   
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Figure 1.2:  Fermentation Process Overview of Berliner Weisse, Gosé, and Lambic Beers 
In production of Berliner Weisse and Gosé, wort undergoes two fermentations, souring 
with a lactic acid-producing bacterium to a determined pH level, and then an alcohol-producing 
fermentation with yeast.  The two beers have the same process and are very similar, but their 
ingredients make them different as gosés are known for having salt and coriander as 
ingredients while the Berliner Weisse does not.  Either may also have different fruits added 
post-yeast fermentation to add fruity flavors and color to the final beer.  Sour beers in general 
will also have different grain combinations used in their production process which will affect 
the beers final characteristics such as haze, color, flavor. 
For the production of Lambic beer, the wort is inoculated spontaneously in an open 
coolship, a large shallow vessel used to cool wort and allow inoculation by enterobacteria, 
yeasts, lactic acid bacteria and acetic acid bacteria in the environment (14).  Fruit may also be 
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added in during production of a Lambic beer to add fruity characteristics, and would be added 
during the spontaneous fermenting stage.  Unlike Lambic beer, the other sour beer styles have 
greater control over the final product as they control what is fermenting their product.  In the 
case of most sour beers for the souring stage, that would be a lactic acid-producing bacteria, 
most often belonging to the genus Lactobacillus.    
   Lactobacilli in fermentation produce lactic acid, the sour flavor along with other 
byproducts such as carbon dioxide and volatile acids.  Similar fermented products that use 
Lactobacilli are sauerkraut, sourdough bread, and yogurt.  Each of these have a distinct 
sourness derived from lactic acid in the final product.  Lactobacilli are also found as spoilage 
organisms when it comes to the brewing industry.  However, different lactobacilli species are 
commonly used and available commercially for the fermentation of sour beers.  They include L. 
plantarum, L. brevis, L. delbruekii and more (37).  Within those three species there are further 
subspecies which are used in brewing, such as L. bulgaricus.  Each bacterium has different 
metabolic processes unique to their species which produce different acid amounts and other 
metabolites which add to flavor complexity.  
These species may also be heterofermentative or homofermentative.  
Homofermentative lactobacilli metabolize sugar differently that heterofermentative lactobacilli.  
In the homofermentative pathway one mol of hexose sugar is metabolized and two mol of 
lactic acid and two mol of ATP are produced from that reaction.  Heterofermentative bacteria 
instead turn one mol of hexose into equimolar amounts of lactic acid, acetate or ethanol, and 
carbon dioxide.  This reaction produces one mol of ATP for the organism (2).  With 
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homofermentative bacteria, more ATP is available for replication with each mol of sugar 
metabolized.  And with heterofermentative bacteria, growth would be slower and the sensory 
characteristics will likely be different due to the additional byproducts of the bacterial 
metabolism.  Consideration for the type of lactobacilli being used in the brewing process is 
important for the brewer to understand not only what the final product might be but how to 
get there with the bacteria being used for fermentation.  
A few techniques exist for brewing sour beers which offer varying control of the brewing 
process and require various types of equipment.  There are two main methods, mash souring 
and wort souring, of which kettle souring is a variation of the latter.  Brewers may also sour 
with acidulated malt, which is malt that has lactobacilli on the grain.  Residual lactic acid forms 
on the malt grain which is ground and added during the mashing process.  This method is able 
to impart a sourness, and also pH lowering effect, to the wort. 
Mash souring involves adding lactic acid bacteria directly into the mash after extraction 
from the grains whereas wort souring is the addition of lactic acid bacteria into the wort.  Kettle 
souring is a variation of wort souring in which the wort is soured in the boil kettle.  
A difference between the two methods is that mash souring does not result in a lower 
pH of the beer whereas wort souring does.  This is due to the lower pH of mash souring 
increasing activity of phosphatases which provide buffering effect (36).  In either process, acids 
may be employed directly, such as with lactic acid, to produce that pH change over using 
biological acidification.  This gives brewers greater control over the soured product.   
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However, lactobacilli are not just useful for lactic acid production.  They are also 
responsible for the addition of volatile compounds that add to sensory profile (16). There is 
another advantage to biological acidification, that being increased availability of zinc in the wort 
which is essential for brewer’s yeast (36).  Overall, kettle souring gives greater control over the 
fermentation process as compared to mash souring or mixed fermentation  due to control of 
the fermentation time and growth of microorganisms.  In this process, wort is soured using 
lactic acid-producing bacteria to a pH level determined by the brewer (commonly 2.9-3.5).  
When the selected pH is reached, the wort is heated in the kettle to kill the lactic acid bacteria 
to stop their growth.  The wort is then cooled and fermented with yeast.  A final sour beer may 
be in the 3.2-3.5 pH range. Temperature control provides the brewer with a way to regulate the 
acidity of the soured wort and as a result the sour flavor profile of the final product.  Getting to 
this final product is the craft of the brewer.  While pH and sensory characteristics are used 
monitor kettle souring, other methods are being evaluated to provide greater knowledge of the 
process and ultimately give even greater quality control capabilities to the brewer.  One such 
way is bacteria counting as it gives insight into whether and how quickly the microorganisms 
are growing in the wort.  Growth after pitching is indicative of the quality of both the wort and 
the starter culture and could be modeled for brewing a consistent product.  
1.3. Bacteria Cell Counting  
The standard method for determining the concentration of bacteria in a sample is the plating 
method (25, 34). Concentration is determined by first collecting a sample of bacteria and 
conducting a serial dilution of a said sample.  Following the dilution, a determined amount from 
each dilution is pipetted onto agar plates that have the necessary nutrients to support the 
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growth of the bacteria in the sample.  Each dilution is plated at least in duplicate to determine 
an average.  For determining concentration of Lactobacillus bacteria, De Man, Rogosa, and 
Sharp agar would be used as it is a highly nutritive medium for these specific bacteria.  The agar 
plates would then be incubated at a favorable temperature to the bacteria being grown.  When 
countable bacteria colonies have formed, they may be counted and the concentration of the 
bacteria in the original sample determined.  Plating each of the dilution series is necessary to 
cover the possible range of concentration as it is optimal to count an agar plate with 25-250 
colonies on the plate.  Determination of the concentration of bacteria in a sample could take 
anywhere from 24-48 hours depending on the growth rate of the bacteria. The length of time 
to get to this determination is a disadvantage when bacteria concentrations need to be known 
in a timely manner, such as in the brewing industry, where fermentation would be long 
completed before a bacterial titer could be obtained with this method.  This timing issue is an 
opportunity and thus advancement of technology has seen rapid expansion as industries 
demand faster and more detailed information.   
1.4. Fluorescence Microscopy 
A more recent method developed for counting microorganisms is fluorescence 
microscopy.  Fluorescence occurs when light is produced by an object when it is stimulated by 
another light.  This interaction may be viewed through a fluorescence microscope.   
A fluorescence microscope uses a light source, such as a lamp, that sends out light of a 
certain wavelength which is filtered by an excitation filter.  This filter only allows specific light 
wavelengths through to the object that will stimulate fluorescence.  This object may contain 
fluorochromes, which are chemicals that can absorb light at a certain wavelength and then emit 
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at a longer wavelength.  Certain stains may also be fluorochromes that can be added to a 
sample containing non-fluorescent objects.  Light is emitted from the fluorescing 
compound/chemical and then goes through a barrier filter which filters out light not captured 
by the previous filter, and then to the researcher for observation (5).  The researcher will see 
the fluorescent light, which may define an object such as a whole cell or even small 
components such as biomolecules. 
Fluorescent stains, an example of fluorochromes, may also be employed to first stain 
objects which then fluoresce under the microscope.  When a certain wavelength of light meets 
an object, that object absorbs some of the light as heat, what is not absorbed is emitted as light 
(5).  Examples of stains, such as those used in this study, are Syto9, Syto BC and Sytox Green.  
The Syto9 and SytoBC stains are total cell stains and are used to assess total cell count by 
entering the bacteria cells through the membrane and binding to the DNA of the cell.  Even 
though the stain is able to bind with extracellular DNA, it is not concentrated enough to 
fluoresce as vividly as the DNA within cells.   Sytox Green on the other hand is only able to enter 
cells with damaged membranes as it is impermeant to live cells.  This has to do with the 
electrical potential gradient across the cell membrane and Sytox Green having three positive 
charges.  Because of that charge, Sytox Green is unable to enter a healthy cell (28).  The use of 
both dyes on a single sample allows a researcher to determine a percent viability by comparing 
the dead cell count (Sytox Green) to the total cell count (Syto9 or SytoBC) (3).  Significant 
research has been undertaken on using dyes for assessment of bacteria and found that they are 
useful for determinations of enumeration and viability with some caution depending on the 
organism being evaluated and the situation (15, 18, 20, 21).  
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Flow cytometry and image cytometry are two variants of fluorescence microscopy that 
have seen recent advancement.  They both are able collect complex data about a sample such 
as counts, viability, vitality, morphology, gene expression and more (35).  Since large amounts 
of data are able to be collected from fluorescence microscopy, further work has been 
undertaken to develop tools that are able to visualize and analyze image cytometry data to 
more than 70 cell descriptors (10).  This will lead to further data applications to better 
understand microbial processes, potentially even with the brewing industry.   
Flow cytometry has been used to detect Lactobacillus spp. in a variety of applications, 
including food (9, 17, 26). Much attention has been given to the detection of lactobacilli in 
brewery applications, but for spoilage detection rather than for purposeful utilization of the 
bacteria (1, 23, 30, 38).   
While image cytometry is a newer field in cellular biology and fluorescence microscopy, 
flow cytometry is far more commonplace at this time.  Cell counting through this method is 
achieved by collecting data from microscopic particles suspended in a stream of fluid.  To do this, 
a specific wavelength of light is directed into the fluid and when particles pass through the beam 
of light, the light scatters.  Microscopic objects, such as cells, react differently with this light and 
produce different scattering patterns.  Detectors within the flow cytometer pick up on this 
scattering, thus providing information about the specific target analyte.   With the ability to 
collect and analyze data in this way, flow cytometry is able to derive physical and chemical 
characteristics of particles within the solution  (8). 
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 Flow cytometry offers useful data collection abilities, but comes with notable shortfalls.  
Flow cytometers can cost $25,000-500,000 and have been known to have technical issues such 
as clumping and clogging, which directly affects data collection.  In terms of enumeration of cell 
concentration, flow cytometry can only provide indirect concentration and cell size data by a 
method that involves mixing a sample with a known concentration of beads and determining the 
amount of each that flow through the stream of fluid (32). While flow cytometry is more 
prominent, image cytometry offers more advantages in relation to data collection and analysis 
for the brewing industry. 
1.5. Image Cytometry 
Newer than flow cytometry, automated image cytometry is a method that utilizes a 
static image, fluorescence, and computer processing to automatically count cells and 
biomolecules (10).  While fluorescence microscopy exists, automation of data collection using 
computing power is a progressing advancement, especially within the food and beverage 
industries.  Counting bacteria can be both time consuming and have potential human error, but 
with automated fluorescence microscopy counting is near instantaneous and parameters such 
as object size or fluorescence intensity can be programmed into the instrument.  This allows for 
consistent readings that are not subject to the human eye and guessing.   
The instrument being used in the proceeding study is the Cellometer X2 image 
cytometer developed by Nexcelom Biosciences, LLC, headquartered in Lawrence, 
Massachusetts.  The Cellometer X2 was developed specifically for yeasts, platelets, and small 
cells (Nexcelom Bioscicence, LLC).  Figure 1.3 is the process flow for image cytometry (32).  A 
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fluorescent light is emitted from the light source 102, goes through a collimator 103 which 
focuses the light, and onto a filter assembly and mirror which directs light of a certain 
wavelength to the object to fluoresce, and that light goes back up through the objective and 
filter assembly to the camera.  The camera then takes images and sends that information to the 
computer and Cellometer software for analysis.  
 
Figure 1.3: Cellometer Process Flow 
Credit: United States Patent Application US 20100189338 A1 
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Figure 1.4 shows a patent diagram of the inner mechanisms of an image cytometer from 
Nexcelom Biosciences, LLC.  Figure 1.5 is the exterior view of the image cytometer by the 
researcher and its corresponding software. 
 
Figure 1.4: Nexcelom Bioscience Cytometer Patent Image 
Credit: United States Patent Application US 20100189338 A1 
 
 
Figure 1.5: Cellometer X2 Instrument with Software Program 
Credit: Nexcelom Bioscience, LLC 
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The Cellometer X2 system is able to overcome flow cytometer limitations through its 
design.  The instrument takes static images of cells in a chamber that is designed specifically for 
the Cellometer.  This chamber is part of a slide assembly that is described in US Patent 9,186,843 
(33).  With the programmable parameters of the instrument it enables detailed control and not 
only easy determination of concentration of cells but also characterization of cells such as size 
and morphology.   
New commercial brewing applications for this instrument have been increasing in recent 
years.  Brewing research with the Cellometer X2 up to this point has been primarily focused on 
yeasts (24, 29).  The studies with yeasts have shown success in determining detection methods 
for concentration and viability for yeasts in the brewing process, and these methods are 
currently being utilized in the commercial brewing industry.  Another method being used in the 
industry for concentration validation is the hemocytometer which is a counting chamber 
device.  With this method, stains such as methylene blue may be employed to dye cells which 
then may be counted by a user.  This method though is open to user variations and inaccuracies 
with counting and calculations, and can sometimes be inaccurate if viabilities are low (11).  For 
yeast cells this can work, but for bacteria which are smaller, obtaining an accurate count using 
this method is more challenging.  
The Cellometer X2 is slightly more affordable compared to a flow cytometer at around 
$20,000.  While the price is still high, the benefits are worth it for large breweries in terms of 
monitoring their microorganism growth and health throughout the brewing process.  This in 
turn allows them to make corrections if needed to their brewing process to make a consistent 
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and quality product.  An added benefit is the reduction in human error and standardization of 
brewing processes.  Since brewers are able to accurately determine concentration and 
validation of yeasts with an image cytometer, they can use the same method in the future to 
reproduce the same process.   For larger breweries this instrument may make sense considering 
the volume of beer they are producing and the financial investment inherent in each batch of 
product.   
   With yeast methods having been developed and validated, opportunities exist for 
further development with different organisms such as bacteria in the brewing process.   
1.6. Summary 
An exciting future is approaching for the brewing industry.  With increasing demand for 
creative brews and advances in technology, product quality will continue to improve and 
variety of beers will continue to grow. Information will be both easier and faster to obtain, 
making the brewing process far more calculated and consistent.   With this advance, research 
opportunities exist to develop new methodologies to provide this detailed information.  This 
research project seeks to expand on this existing and growing field of fluorescence and image 
cytometry technology in the brewing industry and will specifically focus on Lactobacillus sour 
beers.   
The proceeding research has three main objectives: 1. Development and validation of a 
method to determine concentration of lactobacilli bacteria in a sample using the Cellometer X2. 
Development and validation of a method to determine viability of lactobacilli bacteria in a 
sample using the Cellometer X2. 3. Concentration validation of lactobacilli bacteria in a kettle 
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sour environment using the Cellometer X2.  Each of these objectives represent a step towards 
providing rapid and reliable information to brewers, especially those who brew beer with 
bacteria, allowing them to respond in real-time to issues that may arise during the brewing 
process.  
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CHAPTER 2 
CONCENTRATION VALIDATION 
2.1. Introduction 
 The Cellometer X2 has been used to determine novel yeast concentration and viability 
for the brewing industry with Brettanomyces spp. and Saccharomyces cerevisiae yeasts (24, 29).  
A method for enumeration of bacteria had yet to be developed for image cytometry in the 
brewing field.  In this chapter a method to determine the concentration of L. plantarum, L. 
bulgaricus and L. brevis using the Cellometer X2 was evaluated using standard plating 
procedures.  The work completed for this objective set the foundation for the later objectives in 
that the validation of the method would confirm the validity of the system, bacteria and stains 
used.  The experiment workflow may be seen in Figure 2.1.  
 
Figure 2.1: Object I Workflow 
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2.2. Materials and Methods 
2.2.1. Bacteria Culture Preparation 
The Lactobacillus species, L. plantarum (ATCC 8014), L. bulgaricus (ATCC 11842), and L. 
brevis (ATCC 14869) were purchased from the American Type Culture Collection (Manassas, VA).  
Bacteria samples were stored in 1 mL frozen aliquots in a -80°C freezer until use.  At the time of 
propagation, aliquots of each species were mixed into 9 mL of DeMann, Rogosa and Sharpe (MRS) 
broth (Becton, Dickinson and Company, MD) in three separate tubes and incubated for 24 hours 
at 28°C. After 24 hours of incubation, the tubes were vortexed and streaked onto individual MRS 
agar plates (Becton, Dickinson and Company), and incubated for 48 hours at 28°C.   
After 48 hours, a single isolated colony from an MRS plate was aseptically collected and 
mixed in a tube with 9 mL sterilized MRS broth for each species.  These tubes were vortexed and 
allowed to incubate for 24 hours at 28°C.  Three tubes each for L. plantarum, L. bulgaricus, and L. 
brevis were prepared for the experiment.  
2.2.2. Fluorescent Stain Preparation 
Syto 9, Syto BC and SYTOX Green fluorescent stains were purchased from ThermoFisher 
Scientific (Carlsbad, CA) and stored at 4°C.  Syto 9 and Syto BC stain the DNA of bacteria, thus 
enabling identification of total number of cells.  The SYTOX Green stain is impermeant to live 
cells, enters the dead cells through damaged membranes, and binds to the DNA.  The working 
stocks of Syto 9 and Syto BC were prepared by diluting 1:100 in deionized (DI) water and SYTOX 
Green was prepared by diluting the concentrated stain 1:1000.  The working solutions were 
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mixed well and stored in the dark for staining at ambient temperature.  Stains were freshly 
prepared for each experimental replicate.   
2.2.3. Cellometer X2 
The Cellometer system uses a bright field (BR) and two fluorescence (VC-535-402 and VC-
660-502) channels to measure cell concentration and viability.  The system uses a 10X 
magnification resulting in a resolution of ~0.5 µm2/pixel for bacteria imaging.   
Only the VC-535-402 green fluorescence channel was used to detect Syto 9, Syto BC, and 
SYTOX Green fluorescent stains, acquiring images at exposure times between 300 - 1500 ms.  The 
Syto 9- or Syto BC-stained lactobacilli sample (4 μL) was pipetted into a Nexcelom counting 
chamber (CHT4-SD025), where the inlet and outlet ports were immediately taped close with 
scotch tape to prevent evaporation.  Subsequently, the bright field and fluorescent images were 
acquired at four different locations in the chamber.  The images were then analyzed by the 
Cellometer software to enumerate total bacteria concentrations based on fluorescent intensities 
and cell size.  Similarly, the SYTOX Green-stained lactobacilli sample was analyzed to enumerate 
dead bacteria concentrations. The Cellometer software was setup to accurately count the 
bacteria in the chamber. Bright field parameters:  Cell Diameter (1 to 6 microns), Roundness (0.1 
imperfect circle), and Contrast Enhancement (0.40).  Decluster parameters:  Decluster edge 
factor (0.5), Decluster Th factor (1.0), and Background Adjustment (1.0).  Fluorescent parameters:  
Cell Diameter (1 to 7 micron), Roundness (0.00), Fluorescent Threshold (3.0), and Decluster Th 
Factor (0.5).  The Advanced BR/F mode was checked to improve de-clustering in the fluorescent 
channel. 
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2.2.4. Concentration Measurement Validation 
The linear cell counting range of image cytometry was determined and validated by 
performing lactobacilli titration in comparison to manual plate counting.  The L. brevis, L. 
plantarum, L. bulgaricus bacteria stock cultures were diluted 1:5, and serially from 10-1 to 10-7 in 
sterilized DI water.   
Following the bacteria staining protocol described previously, the 1:5 and 10-1 to 10-3 
dilutions of each species were stained with Syto BC (L. brevis and L. plantarum) and Syto 9 (L. 
bulgaricus).  In separate tubes, the species were stained with SYTOX Green.  The stained bacteria 
samples were pipetted into a cell counting slide and directly analyzed using the Cellometer X2.  
Each Nexcelom counting slide had one chamber with Syto 9 or Syto BC stained sample and one 
chamber with SYTOX Green sample.  It is important to note that specific stain and Lactobacillus 
spp. combination was selected for optimized fluorescence emission and exposure time range. 
Appropriate dilutions (10-4 to 10-7) were spread plated onto MRS agar plates in duplicate.  
The plates were incubated for 48 hours at 28°C prior to manual plate counting.  The titration 
experiment was conducted in triplicate to demonstrate repeatability.  The image cytometry and 
plate counting workflows are displayed in Figure 2.2.   
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Figure 2.2: Image Cytometry and Plate Counting Workflow 
Photo Credit: Nexcelom Bioscience, LLC 
 
2.2.5. Statistical Comparison Analysis for Lactobacilli Concentration Validation 
 The colony forming unit per milliliter (CFU/mL) of the original cultures were calculated 
from the plating data, converted to log scale (base 10), and compared to the log values calculated 
from the Cellometer X2 results.  The log values were compared statistically using ANCOVA in R (R 
Version 1.2.1335, The R Foundation, Vienna, Austria) with the significance set at a p-value less 
than or equal to 0.05.  The factors considered in the statistical analysis were the enumeration 
method, species, replicate, and dilution.    
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2.3. Results 
2.3.1. Validation of Lactobacilli Concentration Measurement 
In order to validate the automated image-based bacteria counting method, we 
compared the counting results of the three different Lactobacillus species and dilutions 
measured by image cytometry and colony formation assay.  The Syto BC and Syto 9 green 
fluorescent counted images of L. plantarum, L. brevis, and L. bulgaricus are shown in Figure 2.3 
at different dilutions.   
 
Figure 2.3: Lactobacillus sp. at Three Different Dilutions 
Credit: Nexcelom Bioscience, LLC 
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Visually, the L. brevis concentration was much lower than the other two strains, and the 
bacterial particle size seemed to be larger in the images.  The results showed highly linear 
results for each Lactobacillus strain with R2 values greater than 0.99, indicating Cellometer X2 
can accurately determine bacterial concentrations from 1 x 106 to 1 x 109 cells/mL.  The live cell 
count results were then multiplied at each dilution to obtain the original stock culture 
concentrations for each strain.  The original stock culture concentrations measured by image 
cytometry and colony formation assay were converted to log in order to compare the results.  
The differences are shown in Table 1, which demonstrated less than 0.3 log CFU/ml 22 average 
differences between the two methods showing 0.12, -0.07, and 0.15 for L. plantarum, L. brevis, 
and L. bulgaricus, respectively. In addition, statistical analysis (p-values) showed no significant 
differences between the two methods (Table 2.1).   
Table 2.1 Log Comparisons and Analysis of Differences of Lactobacilli Species 
Experiment Manual - CFU Cellometer - Live   
Statistical 
Analysis 
L. 
plantarum AVE Log10 AVE Log10 Diff (Log) p-value 
1 6.90E+09 9.84 4.38E+09 9.64 0.2 
0.15 2 3.90E+09 9.59 4.09E+09 9.61 -0.02 
3 6.10E+09 9.79 4.15E+09 9.62 0.17 
L. brevis AVE Log10 AVE Log10 Diff (Log) p-value 
1 6.20E+08 8.79 7.26E+08 8.86 -0.07 
0.334 2 1.08E+09 9.03 1.12E+09 9.05 -0.01 
3 8.65E+08 8.94 1.14E+09 9.06 -0.12 
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Table 2.1 Cont.  
L. 
bulgaricus AVE Log10 AVE Log10 Diff (Log) p-value 
1 7.10E+09 9.85 4.71E+09 9.67 0.18 
0.147 2 3.20E+09 9.51 4.47E+09 9.65 -0.15 
3 1.13E+10 10.05 4.22E+09 9.63 0.43 
 
Image cytometry was able to obtain comparable measurements of bacterial 
concentration immediately after sample collection, significantly reducing the assay time 
required for plate counting by eliminating the need to wait for colony formation.   
2.3.2. Statistical Analysis of Plate Counting and Image Cytometry for Concentration Validation 
To validate the fluorescence-based image cytometry method using Lactobacillus spp., the 
image cytometry results were directly compared with plate counting.  Before analyzing the data 
with ANCOVA, the data was plotted in a box plot as shown in Figure 2.4. 
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Figure 2.4: Boxplot of Log Colony Forming Units by Method 
The boxplot shows a data set without any major outliers and statistical analysis moved 
forward.  Also plotted were the concentrations of the bacteria at different dilutions.  Both plating 
and image cytometry results are show.  (Figures 2.5, 2.5, 2.7). 
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Figure 2.5: L. plantarum Concentration at Set Dilutions 
Figure key: the first letter represents the species (P=L. plantarum), the number is the replicate, 
and the third represents the method, “p” for plating and “c” for Cellometer. 
  
 
Figure 2.6: L. bulgaricus Concentration at Set Dilutions 
Figure key: the first letter represents the species (B=L. bulgaricus), the number is the replicate, 
and the third represents the method, “p” for plating and “c” for Cellometer. 
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Figure 2.7: L. brevis Concentration at Set Dilutions 
Figure key: the first letters represents the species (Br=L. brevis), the number is the replicate, 
and the third represents the method, “p” for plating and “c” for Cellometer. 
 
The data was then analyzed using an ANCOVA in R, which indicated that the two 
enumeration methods did not have a significant difference with a p-value = 0.211.  However, 
there was a significant difference between species (p-value = 2 x 10-16) and dilution series (p-
value = 2 x 10-16) as expected.  This finding is logical considering that lower cell counts were 
observed for the L. brevis culture when compared to the other two species used in the study.  
Therefore, the results generated from image cytometry and colony formation assay were 
deemed statistically indifferent.  
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2.4. Discussion 
 In this objective, the goal was to validate that bacteria concentration, specifically of three 
Lactobacillus sp., could be determined accurately and efficiently with the Cellometer X2.  This 
study compared the data produced from the image cytometer and compare to plating, the 
current standard of enumeration.  As seen in Figure 2.3, the boxplot shows similar data 
distribution comparing the two methods with no outlying values.  Figures 2.4, 2.5 and 2.6 also 
show similar data distributions between the methods in each replicate.  The trend caused by the 
dilutions is also clearly visible from the plotted data.   The other two species of Lactobacilli appear 
to follow the same trends for both methods.  
 The ANCOVA analysis of the data showed that there were no significant differences 
between the two methods (p=.211).  There was significance for species and dilution.  This was to 
be expected for dilution as the concentrations between the data changes significantly between 
each dilution.  In terms of species, finding significant difference between the three species 
validates visual observations from media growth and from the image capture.  After the initial 
growth period in the incubator before the start of the experiment, noticeable differences 
between the species could be seen.  L. plantarum and L. bulgaricus had very similar turbidity in 
their MRS broth tubes, whereas L. brevis had far less.  This indicated that the growth rate was far 
slower than that of the other two species and has now been confirmed through statistical 
analysis.  This is because L. brevis is slower growing compared to the other two species as it is 
heterofermentative versus homofermentative.  
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It should be noted that the 10-3 dilution of the samples was the limit for diluting a sample 
for the Cellometer X2.  After that point there is too low of a concentration of bacteria for the 
Cellometer to read with accuracy.  This point is reached at around 5 log CFU/mL.  There is also a 
point where the bacteria reach too high of a concentration for the Cellometer to read and that is 
at 10 log CFU/mL.  That defines the extreme limits of the Cellometer when in use for lactobacilli 
bacteria.       
An advantage that was quickly observed was that data collection occurred much faster 
from the Cellometer X2 over plating.  The total process for a sample evaluation on the image 
cytometer took approximately 15 minutes for sample collection, staining, slide preparation and 
imaging.  This is a significant time savings compared to the method of plating, where waiting for 
colony growth takes 24-48 hours.  In the case of this study, plates were read after 48 hours to 
have clearly visible colonies as at 24 hours the colonies were not countable.  For a brewer that is 
far too long a time to wait to access the data for it to be of any use.  This newly validated method 
would put usable data into the hands of a brewer in far less time, allowing them to make decisions 
based on the concentration of a pure Lactobacillus culture.  
2.5. Conclusion 
 The objective for this portion of the research project was met.  The method for the 
Cellometer X2 was determined to not be statistically different than standard plating for 
Lactobacillus in pure culture.  This was verified at concentration ranges relevant to a brewer.   
This is of great use to a brewer and by using this method, they will be able to determine the 
concentration of a pure culture in 15 minutes, of which could be used to determine the pitch rate 
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for souring.  With this information brewers will be able to pitch consistently between batches, 
which helps lead to a consistent lactobacilli soured product line.   
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Chapter 3 
LACTOBACILLI VIABILITY VALIDATION 
3.1. Introduction 
An optical density curve, or OD curve, can be used to validate the total count of cells in a 
suspension.  This is done by first measuring the absorbance of bacteria in a solution or media at 
a specific wavelength over multiple dilutions and plating for concentration.  These absorbances 
are graphed against the corresponding concentration and would give a standard curve to which 
to compare an unknown sample.  In the case of the following objective, the curve would indicate 
the total bacteria concentration including live and dead cells.  Plating is only able to determine 
total live concentration of a sample so a method to determine both live and dead bacteria 
numbers was needed for this study to validate against the image cytometry method.  
The objective of this study is to validate Cellometer accuracy of Lactobacilli viability at 
100%, 75%, 50%, 25%, and 0% viability.  Parameters of accuracy acceptance were set at 5% 
deviation among samples, up to 5% viability for a 0% viable sample, and down to 90% viability 
reading for a 100% viable sample.   
Validation of this viability method would allow brewers to determine the viability of the 
lactobacilli bacteria they are using for souring and thus verify the health of the culture they would 
be pitching with.   Low viability would affect the rate of the souring, along with the ability for the 
lactobacilli to replicate at the rate needed to prevent potential spoilage organisms from ruining 
the batch.  The workflow for this objective may be seen in Figure 3.1.  
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Figure 3.1: Objective II Workflow 
3.2. Materials and Methods 
3.2.1. Bacteria Culture Preparation 
The Lactobacillus species, L. plantarum (ATCC 8014), L. bulgaricus (ATCC 11842), and L. 
brevis (ATCC 14869) were prepared according to section 2.2.1.   
3.2.2. Fluorescent Stain Preparation 
The working stocks of Syto 9 and Syto BC were prepared by diluting 1:100 in deionized 
(DI) water and SYTOX Green was prepared by diluting the concentrated stain 1:1000.  The 
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working solutions were mixed well and stored in the dark for staining at ambient temperature.  
Stains were freshly prepared for each experimental replicate.   
3.2.3. OD Curve  
 L. plantarum, L. bulgaricus, and L. brevis culture tubes were collected from the incubator 
after 24 hours of growth.  A serial dilution of each species was performed to 10-6 and 10-7.  The 
10-6 and 10-7 dilutions were plated for concentration determination as described...   
 A Jenway spectrophotometer (Cole Palmer Ltd, UK), was used to take absorbance 
readings at 450nm.  A cuvette with DI water was first used as a blank.  Following the blank, each 
species dilution from 10-1 to10 -7 absorbances were recorded.  
3.2.4. Lactobacilli Heat Treatment and Sample Preparation 
 A 150 μL sample was taken from each vortexed species tube and transferred to sterile 
microtubes.  This was repeated twice more to have a total of three microtubes per species.  These 
tubes were then transferred to a MyCyclerTM Thermal Cycler (Bio Rad, CA) and heat treated at 
99oC for 5 minutes.  After 5 minutes the sample tubes were vortexed.  In some iterations of this 
experiment, Lactobacilli samples were collected aseptically and put into glass tubes.  These were 
then heated in a water bath set to 99°C for 5 minutes.   
3.2.5. Preparation and Staining of Lactobacilli Species for Viability Validation 
A dilution series was performed for each species with three dilutions plated in duplicate.  
These were incubated at 28oC for 48 hours.  This was to confirm the live concentration of the 
cultures.  Also plated was the 0% viability to confirm no viability in the heat-treated sample.  
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Lactobacilli species were then prepared to the following viabilities: 100%, 75%, 50%, 25%, 
and 0%. This was accomplished by mixing non-heat-treated bacteria (100% viability) with heat-
treated bacteria (0% viability). Bacteria samples at each viability concentration (15 μL) were 
collected and mixed 1:1 with the stains at the working concentrations.  L. brevis and L. plantarum 
were stained with Syto BC and L. bulgaricus with Syto 9.  Separately, all bacteria samples were 
stained with SYTOX Green to determine the concentration of dead cells.  The samples were 
allowed to stain in a dark box for 10 min at ambient temperature prior to image cytometric 
analysis. 
3.2.6. Cellometer 
For viability measurement, the Cellometer software used a “Two Chamber Assay” mode 
that utilized the total and dead cell concentrations to directly calculate viability.  Four μL of 
stained sample (Syto 9 or Syto BC) was pipetted into one well of the Cellometer slide, and a 4 μL 
of sample stained with Sytox Green was pipetted into the opposite slide well.  The samples in 
both wells were then analyzed by the Cellometer for viability.  This was repeated twice further 
with the same species and then in triplicate for the other two species at that viability 
concentration, and then repeated again for the remaining viabilities.   
3.2.7. Plate Counting Method 
 Manual plate counting of the Lactobacillus species occurred 48 hours after spread plating 
onto MRS agar plates.  The plates were manually counted using a Reichert Colony Counter 
(Depew, NY) to determine the colony formation unit (CFU) values per mL of samples to directly 
compare to the image cytometry results.   
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3.3. Results 
An example output of image data can be seen in Figure 3.2.  The figure shows captured 
images for bright field, fluorescence, and with counted cells.  Syto BC shows all bacterial cells 
being stained, which would give a total cell count, and the Sytox Green image shows the non-
viable bacteria being fluoresced.  Together the images are processed and used to calculate a 
percentage viability through the Cellometer software.  
 
Figure 3.2: Viability Image Output from Cellometer at Three Stages 
Credit: Nexcelom Bioscience, LLC 
Overall the Cellometer X2 provided output data that showed 0-99% viability but was 
inconsistent between replicates.  The OD curve data collection and creation were not completed 
as the initial trials of the method produced inconsistent results.  
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3.4. Discussion 
This objective never reached completion.  The data provided specific viabilities but was 
not consistent at the predicted levels.  For example, when output was anticipated to read 0% 
viability for all samples between two heat treatment methods (thermocycler and boil), viability 
ranges were recorded from -3.4% to 59.3%.  Plating results for these experiments also indicated 
that there was 0% viability.  Two heat treatment methods were tested in regards to the viabilities 
because of the percentage viabilities that the Cellometer X2 was returning.   
  An interesting visual observation during the experiments was that the heat-treated 
samples had far more clumping of cells versus the non-heat-treated samples (Figure 3.3). 
 
Figure 3.3: Lactobacilli Stained with Syto BC Comparison 
This may be due to the bacteria becoming adhered together during the heating process.  
Temperature has been shown to play a role in cell adhesion (27).  Even with significant effort to 
centrifuge and mix them before and after heat treatment, the clumping of cells persisted. This 
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clumping made it difficult for the Cellometer to accurately count the cells as in a normal image 
the cells are de-clustered and clearly visible.   
It was noticed that the greatest inconsistencies with data collection came from the low 
viability samples.  While determining no viability is probably not important to brewers, as they 
will be working with viable cultures, it is important for the validation of this method and for the 
range of viabilities it can accurately determine.  
3.5. Conclusion 
 Further work should be undertaken to develop a viability validation protocol with bacteria 
on the Cellometer X2.   A recommended area to focus on for that research would be chemical 
treatments to kill the bacteria to see if that has an impact on the clumping observed and whether 
that would help to return accurate percentage viabilities.  If the clumping issue is resolved and 
viability data then returned at predicted levels, this method could be validated.  
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Chapter 4 
KETTLE SOUR LACTOBACILLI CONCENTRATION VALIDATION 
4.1. Introduction 
The ability for the image cytometer to determine concentration of bacteria in pure culture 
was validated in Chapter 2.  In this chapter, the method developed in chapter 2 was validated 
with kettle sour wort media.  The use of wort as a growth medium shows that under brewing 
conditions the same results can be collected using this new method.  Wort, as opposed to a lab 
media, can have some variability in terms of particulates and nutrients available to the bacteria.  
With validation of this process it shows the method can be carried over from lab use to real 
applications under normal brewing conditions.  
It should be noted that originally it was planned to also include viability, but since the 
method was not able to be validated in this current project, the focus for this last objective was 
on concentration validation in a kettle sour.  It was also decided that due to the inconsistent 
growth throughout previous experiments, L. brevis was not utilized during the fermentation 
experiment. 
Meeting this third objective would prove that this is a viable method for use in breweries.  
It would show that under brewing conditions, that accurate and useful information can be 
obtained faster than traditional methods.  The workflow for this objective can be seen in Figure 
4.1.  
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Figure 4.1: Objective III Workflow 
4.2 Materials and Methods 
4.2.1. Bacteria Culture Propagation 
The Lactobacillus species, L. plantarum (ATCC 8014) and L. bulgaricus (ATCC 11842) were 
stored in 1 mL frozen aliquots in a -80°C freezer until use.  At the time of propagation, aliquots of 
each species were mixed into 9 mL of DeMann, Rogosa and Sharpe (MRS) broth (Becton, 
Dickinson and Company, MD) in three separate tubes and incubated for 24 hours at 28°C. After 
24 hours of incubation, the tubes were vortexed and streaked onto individual MRS agar plates 
(Becton, Dickinson and Company), and incubated for 48 hours at 28°C.   
After 48 hours, a single isolated colony from an MRS plate was aseptically collected and 
mixed in a tube with 9 mL sterilized MRS broth for each species.  These tubes were vortexed and 
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allowed to incubate for 24 hours at 28°C.  Three tubes each for L. plantarum and L. bulgaricus 
were prepared for the experiment.   
4.2.2. Wort Preparation 
Wort preparation was performed using a Sabco Brew-MagicTM system (Toledo, OH) 
(Figure 4.2). The kettle and accompanying hardware were cleaned and sanitized using Five Star 
Saniclean (Five Star Chemicals & Supply Inc, CO), phosphoric acid and dodecylbenzenesulfonic 
acid at 250ppm, for preparation of this experiment.  
 
 
 
Figure 4.2: Sabco Brew-MagicTM system 
Wort was prepared by heating 7 gallons of water to 63°C.  When the target temperature 
was reached, 1.5 lb of crushed acidulated malt was added to a straining bag and steeped in the 
63°C water for 10 min, and then removed.  Next, water was heated to a boil (~100°C).  During the 
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heating process, 2 of 3.3 lb Pilsen Light Liquid Malt Extract and 1 of 3.3 lb Bavarian Wheat Liquid 
Malt Extracts were added and stirred manually (Breiss Malt and Ingredient Co., Chilton, WI).  The 
wort was allowed boil for 10 min to sanitize the liquid prior to cooling and bacteria inoculation.  
A sample was collected to verify the pH of the wort was 4.5.  The wort was then chilled to 27-
37°C using a Sabco Chill Wizard plate chiller/heat exchanger (Toledo, OH) and transferred into 2 
of one-gallon sanitized glass fermentation vessels at a volume of 0.75 gallons.  Sanitized lids with 
attached three-piece airlocks were secured on the vessels until inoculation.  The three-piece 
airlocks were filled with sanitizer to the correct level. 
4.2.3. Fluorescent Stain Preparation 
Working stocks of Syto 9 and Syto BC were prepared by diluting 1:100 in deionized (DI) 
water.  The working solutions were mixed well and stored in the dark for staining at ambient 
temperature.  Stains were freshly prepared for each experimental replicate.   
4.2.4. Bacteria Staining Protocol 
Bacteria samples (15 μL) were collected and mixed 1:1 with the stains at the working 
concentrations.  L. plantarum were stained with Syto BC and L. bulgaricus with Syto 9.  The 
samples were allowed to stain in a dark box for 10 min at ambient temperature prior to image 
cytometric analysis.  
4.2.5. Kettle sour fermentation 
To demonstrate the ability to monitor the lactobacilli concentrations during kettle sour 
beer production, the image cytometer was employed to measure L. plantarum and L. bulgaricus 
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concentrations at 0, 3, 6, 9, and 12 hours, where the counting results were compared to manual 
plate counting.  The 12-hour time was selected as our terminal point because during that length 
of time is when most of the souring and pH change occurs.  After 12 hours the pH decrease is 
much slower and the bacteria will have slowed replication and growth due to the inhibitory 
effects of the low pH in the soured wort and lack of nutrients available.  
 The day before a kettle sour fermentation experiment, L. plantarum and L. bulgaricus 
stock cultures were prepared following previously described protocols. The initial lactobacilli 
stock culture concentration was determined using the image cytometer.  Aliquots of each species 
were collected, diluted 1:10, stained with either Syto 9 or Syto BC, and analyzed using the image 
cytometer.  Two samples for each species were counted and then averaged to determine the 
volume of the stock culture to add to the wort to achieve the target cell number.  Next, the L. 
plantarum and L. bulgaricus stock cultures were pitched at 67 billion cells into the fermentation 
vessels previously filled with the prepared wort.  This amount was based on consistency with 
commercial brewing and to prevent any spoilage organisms in the air from taking hold in the 
wort.  The inoculated vessels were incubated in a recirculating water bath (ThermoFisher 
Scientific, MA) set at 37.5°C, which is typical for industry practices when kettle souring. 
The inoculated wort (1 mL) was obtained directly from the fermentation vessels at each 
time point by using sterilized pipette tips to collect a sample approximately one inch below the 
surface of the wort.  The collected samples were stained with Syto 9 or Syto BC, and then 
incubated in the dark.  During the staining incubation, serial dilutions were prepared and plated 
on MRS agar plates in duplicate.  At the 12-hour time point a sample was collected from each 
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fermentation vessel to measure the pH value with a pH meter.  The enumeration results from 
the image cytometry method and plate counting were compared.  The kettle sour fermentation 
experiment was performed in triplicate to demonstrate repeatability. 
4.2.6. Plate counting method 
 Manual plate counting of the Lactobacillus species occurred 48 hours after spread plating 
onto MRS agar plates.  The plates were manually counted using a Reichert Colony Counter 
(Depew, NY) to determine the colony formation unit (CFU) values per mL of samples to directly 
compare to the image cytometry results.   
4.2.7. Statistical Analysis for Kettle Sour Validation 
  For the kettle sour experiments, data was converted to log values and compared 
statistically using ANCOVA in R with the significance set at a p-value less than or equal to 0.05.  
The factors considered in the statistical analysis were the enumeration method, species, 
replicate, and sampling time. 
4.3. Results 
4.3.1 Kettle Sour Fermentation Growth Tracking of Lactobacilli 
 The validated image cytometry bacterial counting method was utilized to monitor the 
growth of lactobacilli during a 12-hour kettle sour production.  Similarly, the results were 
compared directly to colony formation assay.  The stock lactobacilli culture concentrations 
ranged from 3 – 6 x 109 cells/mL (9.48 – 9.78 Log) for the three repeated fermentations.  The 
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time-dependent green fluorescent images of L. plantarum and L. bulgaricus are shown in Figure 
4.3.   
 
Figure 4.3: L. plantarum and L. bulgaricus growth over three-hour intervals 
Credit: Nexcelom Bioscience, LLC 
 
The number of bacteria for each strain clearly increased over the 12 hours in the images.   
However, the image cytometry counting results were slightly but not significantly higher than the 
plate counting.  This can be seen in Figures 4.4 and 4.5.   
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Figure 4.4: Comparison of L. plantarum plating and Cellometer Replicate Data  
Figure key: the first letter represents the species (P=L. plantarum), the number is the replicate, 
and the third represents the method, “p” for plating and “c” for Cellometer. 
 
Figure 4.5: Comparison of L. bulgaricus plating and Cellometer Replicate Data  
Figure key: the first letter represents the species (B=L. bulgaricus), the number is the replicate, 
and the third represents the method, “p” for plating and “c” for Cellometer. (Note: A data set is 
not graphed as it was inconsistent with the data trends) 
 
7
7.5
8
8.5
9
9.5
0 2 4 6 8 10 12 14
AV
G 
Lo
g 
CF
U
Time in Hours
P1C
P2C
P3C
P1P
P2P
P3P
6.5
7
7.5
8
8.5
9
9.5
10
0 2 4 6 8 10 12 14
AV
G 
Lo
g 
CF
U
Time in Hours
B1C
B2C
B3C
B2P
B3P
 
48 
 
It may be noted that in Figure 4.3, a plating data point for L. bulgaricus is missing.  The 
plating was inconclusive to the number of colonies formed by being uncountable. For L. 
plantarum, the concentrations increased from approximately 7.05 x 107 to 3.90 x 108 cells/mL 
(7.84 to 8.59 Log), and 1.70 x 107 to 2.90 x 108 CFU/mL (7.23 to 8.46 Log) for image cytometry 
and plate counting, respectively.  For L. bulgaricus, the concentrations increased from 
approximately 8.57 x 107 to 3.32 x 108 cells/mL (7.93 to 8.52 Log), and 2.35 x 107 to 2.75 x 108 
CFU/mL (7.37 to 8.44 Log) for image cytometry and plate counting, respectively.  
Correspondingly, the average starting pH of the wort was 4.52 and the average ending pH values 
of the soured wort for L. plantarum and L. bulgaricus were 3.69 and 3.67, respectively, indicating 
growth of the bacteria.    
4.3.2. Comparison of Image Cytometry and Plating During Kettle Sour Fermentation 
 Before running a statistical analysis data, a boxplot was created as shown in Figure 4.6.  
 
Figure 4.6: Boxplot of Average Log CFU by Method 
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An ANCOVA analysis was conducted using the kettle sour fermentation data.  
Concentration of bacteria in the wort at determined time points was calculated for the analysis.   
The ANCOVA model indicates that the bacteria counting results did not show a significant 
difference between the two methods with p-value = 0.115.  Table 4.1 highlights this and shows 
the statistical analysis programming that was input into R.  
Table 4.1: Kettle Sour ANCOVA Model 
  P-Value 
Method 0.115 
Species  0.236 
Replicate  0.015* 
Time 1.87e-14* 
Method:Species 0.538 
Method:Time 0.008* 
 
Significance represented with '*' for 
p≤0.05 
 
As expected, the statistical model did show significant difference for measurements at 
various time points because the bacteria were growing over time (p-value = 1.87 x 10-14).  
Therefore, we were able to conclude that the image cytometry method did not produce 
statistically different results in comparison to colony formation assay for enumerating lactobacilli 
bacteria in a kettle sour environment.   
4.4. Discussion 
 Initially for the kettle sour concentration validation objective, there was little to no 
growth of bacteria over the 12-hour period.  The process differed from what is described 
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previously by the addition of hops. In the first iteration of the experiment, hops were added into 
the acidulated malt bag and steeped.  The same protocol as described in the methods section 
was continued and completed for the full time of the experiment.  Observations and data during 
the experiment showed little increase in concentration of the Lactobacilli and actually at times a 
decrease.   
 After further research it was discovered that lactobacilli bacteria have a hop sensitivity 
(30).  Hops have antimicrobial compounds, a-acids, which interfere with the cellular membrane 
of bacteria.  The a-acid causes a pH gradient change for the organism.  This then causes a 
reduction in intracellular pH.  When this occurs, nutrient transport is inhibited and the bacteria 
starves (31). This would explain why in the initial experiments little to no growth occurred.  With 
this discovery, hops were removed from the process and the wort soured successfully in the 
following experiments.   
 Results from this study illustrate that there is no statistical difference between methods 
for determining concentration over time (p-value of 0.115) and therefore this method is an 
effective means of achieving the same answers as compared to plating.   
4.5. Conclusion 
 Objective three was met through this study.  It was demonstrated that the image 
cytometer is able to enumerate bacteria concentrations throughout the fermentation of a 
kettle sour in wort media.  When compared to the conventional method of plating 
enumeration, which can take hours or days, the Cellometer reduces the time required to 
analyze a sample down to minutes and is a substantial improvement in efficiency.  
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Chapter 5 
FINAL CONCLUSION 
 
5.1. Conclusion 
 The ability for the Cellometer X2 to accurately determine concentration of lactobacilli 
bacteria has been validated throughout this study for use both in a lab and in a brewing 
environment with actual brewing wort.  It serves to save significant time for the brewery.  It was 
determined that data can be collected in minutes rather than days compared to current methods.  
Another benefit of this is that it brewers to create a more consistent product.  With the data 
collection ability of this method, brewers will be able to help standardize their brewing processes 
and validate that process during a souring.   Ultimately this will lead to a better and consistent 
product. Future areas of research should be undertaken to develop the viability method with 
lactobacilli bacteria.   
Validation of a viability method would be of use to brewers to determine the health of 
the bacteria they are pitching their wort with.  Secondary to the first recommended future 
research would be verification with other bacteria used in brewing.  While lactobacilli are the 
primary bacteria used in souring, others are sometimes used.  It would be useful to see how the 
method described in this research document holds up with other bacteria or in a mixed culture 
fermentation such as the brewing process for a Lambic beer.  
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Validation of the fluorescence-based image cytometry method with the Cellometer X2 
was also described in a publication submitted to the Journal of the American Society of Brewing 
Chemists in October 2019.   
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